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Implications of Regolith Thickness 

In  The 

Apollo 16 Landing S i t e  .-- 

INTRODUCTION 

Apollo 11 and 12 landing s i t e s  were on surfaces of basalt lava flows 

covered by r ego l i th  deposits t h a t  are the combined e j ec t a  blankets of im- 

pact craters .  They a re  typ ica l  of most maria t e r r a ins .  For many areas  i n  

the maria it has been possible t o  use a Monte Carlo impact crater ing model 

t o  compute regol i th  thickness d is t r ibu t ions  t h a t  a r e  i n  agreement with 

regol i th  thickness d is t r ibu t ions  estimated from the morphology of small 

impact craters .  

thickness, it can be inferred tha t  the regol i th  deposit i n  question was 

When the calculated r e s u l t s  agree w i t h  observed regol i th  

produced mainly by the impact process. 

in te rpre ta t ion  of the geologic h i s to ry  of the area. 

This has obvious implications f o r  

The purpose of t h i s  report  i s  t o  determine the  thickness of the  

regol i th  i n  the  Apollo 16 landing site, t o  suggest cer ta in  areas  where 

substrate  samples may be obtained and t o  compare the r e s u l t s  w i t h  pre- 

dict ions of regol i th  thickness calculated from the Monte Carlo impact 

crater ing model. These comparisons w i l l  be used t o  of fe r  several  a l terna-  

t i v e  in te rpre ta t ions  of the  recent geologic h i s to ry  of the landing s i t e .  

I 

t 
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IiEGOLITH THICKNESS I N  THE APOLLO 16 LCWDINFSITE 

Methods of r ego l i th  thickness determinations yielding a detai led per- 

centage d is t r ibu t ion  of lunar surface area w i t h  a given thickness (Oberbeck 

a,nd Quaide, 1967 and Quaide and Oberbeck, 1968) cannot be applied i n  the 

.-.study of the  Apollo 16 landing site. These methods require the c l a s s i f i -  

cat ion of la rge  numbers of small normal, flat-bottomed, and concentric 

craters. The resolut ion of the Apollo 14 photographs covering the Apollo 

16 landing s i t e  a r e  not adequate t o  permit i den t i f i ca t ion  of small normal 

and flat-bottomed cra te rs ;  norare enough data avai lable  f o r  accurate 

statistical analysis.  

However, concentric c ra t e r s  can be ident i f ied  and measured and the di-  

mensions of these c r a t e r s  can be used t o  p l ace ' l imi t s  on regol i th  thickness- 

at  the  c ra t e r  s i t e s .  Thus, regol i th  thickness measurements have been ob- 

tained from measurements of concentric c ra t e r s  near the three preliminary 

traverses.  Experimental r e s u l t s  given by Quaide and Oberbeck (1968), in- 

dicate  tha t  the thickness of the lunar regol i th  a t  the s i te  of a lunar 

concentric c r a t e r  i s  less than 0.125 D, where D i s  the c r a t e r  rim c r e s t  

diameter. 

of frequency d is t r ibu t ions  of other lunar crater  types t h a t  were based on 

These r e s u l t s  have been confirmed independently from predict ions 

t h e s e  laboratory resu l t s .  

Apollo 14 photograph ~~14-69-9520 showing the three preliminary 

t r ave r ses  f o r  the Apollo 16 mission i s  shown i n  Figure 1. Crater s 2 through 

8 have been ident i f ied  from enlargements of t h i s  photograph as concentric 

-c ra te rs  containing cen t r a l  c r a t e r s  which usually are concentric t o  the outer 

craters .  Crater 1 i s  probably a concentric c ra t e r  but a d i s t i n c t  t e r race  
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cannot be iden t i f i ed  because the center i s  smll. However, there is an 

abrupt change i n  c ra t e r  depth near the c ra te r  center and a br ight  ray 

surrounds the  c ra te r .  Rays s-mrounding lunar  c ra t e r s  of t h i s  s i z e  a re  

caused by high concentrations of rocks t h a t  are derived from bedrock. 

Crater l i s  a l s o  assumed t o  be a concentric crater .  

Thus 

Craters 1, 5, 6 and 8 a r e  very near the paths of the proposed t raverses .  

Their diameters are 25, 38, 51, and 46 meters, respectively. 

t h e  r ego l i th  thickness at  the  sites of Craters 1, 5, 6, and 8 i s  l e s s  than 

or equal to :  3.1 meters, 4.8 meters, 6.4 meters, and 5.7 meters, respec- 

tively. Craters 2, 3, 4, and 7 a r e  fu r the r  from the  proposed traverses.  

The regol i th  thickness a t  these c ra t e r  s i t e s  i s  less than 6.7, 6.4, 4.5, 

Therefore, 

and 4.1 for Craters 2, 3, 4, and 7, respectively.  

Based on these observations, regol i th  thickness appears t o  be l e s s  

than 6.7 meters f o r  most areas  near and around the preliminary traverses.  

For a l l  c ra t e r s  only an upper l imi t  on regol i th  thickness can be calcu- 

l a t e d  but the  regol i th  could be much thinner than the  indicated l i m i t .  

Nevertheless, i n  order t o  locate  t h a t  area w i t h  the  thinnest  probable 

regol i th ,  tha t  c r a t e r  with the lowest l i m i t  of regol i th  thickness must 

be selected. 

If only those c ra t e r s  ident i f ied  as concentric c ra t e r s  a r e  consider- 

ed, Crater 7 must be selected as the s i te  of th innes t  probable regol i th  

although the  regol i th  thickness might be l e s s  at the  s i t e s  of Craters 2 

through 6. 

equal t o  4.1meters. 

southern a r m  of t raverse  1. 

The regol i th  thickness a t  the s i te  of Crater 7 i s  l e s s  than or 

However, Crater 7 i s  almost 1 km d i s t an t  from the 

Regolith thickness at  Crater 4 i s  less than or 
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equal t o  4.5 and it is only 450 meters west of the  western arm of t raverse  

11. "?XIS, it is suggested that  a deep core be obtained at  the s i te  of 

Crater 4 on the second t raverse  and tha t  the in t e rna l  c r a t e r  s t ruc ture  be 

documented photographically. This would require t ha t  the west a r m  of 

t r ave r se  I1 must be moved about 450 meters t o  the west i n  the v i c i n i t y  of 

Crater 4. 

If the regol i th  deposit I s  as th ick  as 4.5 meters at Crater 4, the  

bedrock w i l l  probably not be sampled by the deep core. Another opportunity 

f o r  sampling bedrock is  avai lable  on the t h i r d  t raverse .  

servations of Crater 1 on t raverse  3 reveal  a bench or t e r r ace  on the walls 

of Crater 1, the  regol i th  thickness adjacent t o  t h i s  c ra te r  w i l l  be less 

than 3.1 meters. 

If astronaut ob- 

Thus, bedrock sampling with a deep core would be highly 

probable adjacent t o  Crater 1. 

IMPLICATIONS OF THIH REGQLITH DEPOSIT 

In cer ta in  lunar maria areas, the regol i th  thickness d is t r ibu t ions  can 

The greater  the densi ty  of be calculated from the t o t a l  c r a t e r  population. 

t h e  crater population the greater  i s  the thickness of the regol i th .  For 

example, Lunar Orbiter si tes I11 P11, I1 Pl3b I1 P7b, V24 and Apollo 16 

s i t e  have progressively higher populations of lunar  craters .  The es t i -  

mated median regol i th  thickness f o r  the f i rs t  four  of these lunar s i t e s  i s  

3.3, 4.5, 7, and 15 meters, respectively. However, the regol i th  thickness 

i n  the immediate area of the Apollo 16 landing s i t e  is  less than 6.7 meters, 

less than what would be expected on the  basis t h a t  i t s  crater population i s  

higher than crater populations i n  the other lunar sites. 

. 
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The calculat ion of the  regol i th  thickness d is t r ibu t ion  that would be 

produced if a l l  c ra t e r s  i n  any of the lunar s i t e s  are impact c r a t e r s  i s  

performed using a Monte Carlo crater ing simulation model t ha t  has been 

developed t o  study lunar r ego l i th  evaluation. 

i n t e rp re t  the recent geologic h i s to ry  of the area studied. 

description of the computer model w i l l  show the relat ionships  between 

The r e s u l t s  can be used t o  

A brief 

. r ego l i th  growth and c ra t e r  s t ruc ture  and other impact parameters. 

MONTE CARLO IMPACT CUTERING MODEL 

The computer simulation model generates c r a t e r s  and coordinates f o r  

craters using a random number generator. 

t i v e  d is t r ibu t ions  charac te r i s t ic  of craters that have been produced i n  a 

given lunar area. 

a t ion  of the destruct ion of very small c r a t e r s  by other  c ra te rs ,  indicate  

t h a t  the  cumulative number of c r a t e r s  per square kilometer t h a t  have been 

produced i n  these areas  i s  proportional t o  the inverse 3.4 power of c r a t e r  

“diameter given i n  meters. Figure 2 shows c r a t e r  counts f o r  the Lunar 

Orbiter 111 PIA, I1 P13bl I1 n, and V24 s i t e s  and the Apollo 16 s i t e  

superimposed on these hypothetical  c r a t e r  production curves. 

of Figure 2 characterize values of K i n  c ra t e r  d i s t r ibu t ions  N + K D 
7 7 7 8 8 of: 2.5 x 10 , 4.3 x 10 , 7.0 x LO , 2.5 x 10 

quately characterize the lunar da ta  p lo t ted  as points  on the  same curve 

.above cer ta in  minimum diameters t h a t  are d i f fe ren t  f o r  each area. Below 

this diameter, it is  assumed t h a t  the s t r a i g h t  l i n e s  represent those 

c ra t e r s  ac tua l ly  produced and that the data points  represent those c ra t e r s  

Craters are selected from cumula- 

Averages of large numbers of c r a t e r  counts and consider- 

Solid l i n e s  

-3; 4 
\ 

and 5.0 x 10 They ade- 

surviving the ob l i t e r a t ion  brought about by other impacts. 
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After a given c ra t e r  i s  selected f r ' o m  the c ra t e r  production d i s t r i -  

bution it is assigned a random X, Y coordinate and the  recorded thickness 

at t h a t  point i n  the computer g r id  array, the r e s u l t  of the combined 

ejecta of a l l  previous craters ,  i s  determined. 

divided by the thickness and t h i s  determines whether the c r a t e r  i s  normal 

The c ra t e r  diameter is then 

flat-bottomed or concentric (Quaide and Oberbeck, 1968) or if it i s  formed 

e n t i r e l y  i n  hard rock. This, in turn,  determines the amount of regol i th  

material t h a t  is red is t r ibu ted  and the amount t h a t  is added t o  the  rego- 

l i t h .  

structure.  

For a c ra t e r  of a given diameter these amounts depend on c ra t e r  

Therefore, the amount of mater ia l  added t o  the  regol i th  by a 

c ra t e r  of any given diameter i s  dependent on the par t icu lar  h i s to ry  of 

crater ing of all previous c r a t e r s  that have been produced by random impact. 

Thus, e i the r  a probabi l i s t ic  calculation of regol i th  thickness or an 

ac tua l  simulation i s  required f o r  a rigorous determination of the regol i th  

thickness d is t r ibu t ion  that  is  associated w i t h  any given t o t a l  c r a t e r  

population. 

Figure 3 i l l u s t r a t e s  the e f f e c t  of ex is t ing  r ego l i th  thickness a t  the  

s i t e  of a cra te r  on the growing r ego l i th  calculated by the Monte Carlo 

simulation model. Consider an i n i t i a l  uncratered lava flow surface. 

Craters C1, C 3  and C5 are produced i n  the  hard rock where there  i s  no i n i t i a l  

thickness (ti) of debris. 

the  volume of the  c ra t e r  according t o  a function determined from measure- 

The volume of e j ec t a  i s  computed by determining 

ments of hard rock c ra t e r  shapes. The volume determined is bulked by a 

f ac to r  derived from lunar sample measurements and i s  deposited about the 

crater .  In  Figure 3 it is  shown as an annular blanket with uniform thickness 
, 



and a radius  equal t o  seven times the c ra t e r  radius. 

d i s t r ibu t ion  of the e j e c t a  evenly, as shown, i n  an evenly decreasing 

pattern,  or according t o  a negative power function. 

e j ec t a  throw-out can a l so  be varied, but the  value of 7r i s  a r e a l i s t i c  

measure determined from Lunar Oxbiter photographs by measuring the  r a d i u s  

of br ight  haloes around fresh c ra t e r s  and a l so  by measuring the value of r 

at which c r a t e r s  w i t h  D < 10 m approach nominal mare concentrations. 

The program permits 

The extent of the  

Consider now c ra t e r  ~ 6 ,  which is  formed on the e j e c t a  blanket of 

c ra te r  C5 and i s  of such a s ize  t h a t  the c ra t e r  i s  e n t i r e l y  i n  the debris 

layer ( D  < 4t) .  

from measured shapes of normal lunar c ra te rs .  

case i s  equal t o  the c r a t e r  volume, since the debris layer  has already been 

The volume i s  calculated according t o  a formula derived 

The e j ec t a  volume i n  t h i s  

bulked. The e j e c t a  i s  d is t r ibu ted  according t o  the selected function. No 

new fragmented rock i s  added t o  the regol i th  from t h i s  c ra te r .  

Crater C4  happens t o  form where the regol i th  thickness, ti, is greater  

than 9 DA, but l e s s  than 4 DA. 

geometry of the crater  w i l l  be e i t h e r  t h a t  of a central-mound or f lat-  

bottomed type. 

geometry with a volume of t he  frustum of a cone. 

i s  equal t o  the c ra t e r  volume. 

selected function. No new debris is  added t o  the regol i th .  

According t o  laboratory experiments the 

I n  t h i s  model study w e  lump both types i n t o  flat-bottomed 

Again the volume of e j e c t a  

The e j ec t a  i s  d is t r ibu ted  according t o  the 

Crater C2, on the other hand, w a s  produced where the  previously 

accumulated e j e c t a  thickness, ti, was less than 9 DA. 

t o ry  experiments, the c ra t e r  has concentric geometry and the e j ec t a  w i l l  

include portions from the  already bulked regol i th  and portions from the 

According t o  labora- 
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substrate  rock. The volume of preexistMg debris e jected i s  the volume 

of t he  frustum of a cone. The volume of the subs t ra te  c ra t e r  is  a function 

of the  diameter of the  outer c r a t e r  and the r ego l i th  thickness a t  the  t i m e  

of impact and is determined according t o  an expression derived from measure- 

-merits made on Lunar Orbiter photographs. The volume of the  substrate  

crater i s  bulked according t o  the appropriate bulking fac tor  and i s  dis-  

t r i bu ted  about the concentric c ra t e r  along wi.th the  e j ec t a  f r o m t h e  

s u r f i c i a l  c ra te r  according t o  t h e  selected function. 
\ 

In  the calculation, c ra te rs  a r e  entered and debris  thickness i s  

5 accumulated a t  3 x 10 g r id  points i n  a typ ica l  g r id  a r r ay  area of 260 

square kilometers. With t h i s  array, it is  possible t o  study an a rea  of 

260 km with s e n s i t i v i t y  su f f i c i en t  t o  co l lec t '  debris from c ra t e r s  with 2 

diameters as smll as 4.5 meters. 

Figure 3 are only va l id  f o r  e j ec t a  of uniform thickness and are  shown only 

Constants i n  the  expression f o r  te of 

f o r  i l l u s t r a t ion .  All calculations of r ego l i th  thickness presented i n  

t h i s  paper assume a more r e a l i s t i c  conical  e jec ta  shape. 

as a function of distance frornthe source c ra te r .  

Thus, Te var ies  

Monte Carlo calculations of regol i th  thickness d is t r ibu t ions  associated 

with four  of the f i v e  lunar surface a reas  considered agree with estimated 

thickness dis t r ibut ions.  Figure I.. shows t o t a l  c ra te r  counts f o r  Lunar  Orbiter 

sites 11-P11, I1 P-l3b, IIP-Tb and V-24 superimposed on the  respective 

hypothetical  production curves used i n  t he  Monte Carlo simulations. 

Figure 4 shows a comparison of t he  Monte Carlo calculat ions of regol i th  

-thickness (dashed l i nes )  with the thickness d is t r ibu t ions  estimated from 

cra te r  morphologies i n  each of t he  lunar areas (Oberbeck and Quaide, 1968). 
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There i s  good agreement between the  calculated and estimated thickness 

dis t r ibut ions.  This indicates  that the regol i th  i s  of impact or ig in  m 

these lunar areas because the  calculated values assume an impact or ig in  

of a l l  craters .  That is, s t ruc tures  assumed t o  calculate  r ego l i th  thickness 

are similar to those produced i n  the laboratory by hypervelocity impact. 

A p lo t  of calculated median thickness as a function of constants k i n  

the production population of impact c r a t e r s  i s  shown i n  Figure 5. 

curve can be used as a ready check on the or ig in  of any lunar regol i th  

deposit. 

the  Cayley formation a t  the  Apollo 16 landing s i te  are impact c r a t e r s  the 

average regol i th  thickness should be 22 meters because the c ra t e r  popu- 

l a t ion  is  N = 5.0 x 10 D . 

This 

Extrapolation of the  data  show that i f ’ a l l  c ra t e r s  observed on 
\ 

8 -3.4 

Since the  r ego l i th  thickness i n  the v i c i n i t y  of a l l  the preliminary 

t raverses  i s  less than 6.7 meters, it appears t h a t  e i the r  a l l  observed 

c ra t e r s  are not impact c r a t e r s  or t ha t  some process has produced an in- 

durated layer  on top  of the impact produced regol i th  without ob l i te ra t ing  

the underlying c ra te rs .  

If c ra t e r s  were of some or ig in  other than impact they would probably be 

O f  the  two p o s s i b i l i t i e s  the second i s  favored. 

associated w i t h  volcanic terrains, flow surface s t ruc tures  should then be 

observed and a t  least some of the c ra t e r s  should appear f resh.  Neither of 

these requirements i s  sa t i s f i ed .  

Most of the c ra t e r s  i n  the landing s i te  are subdued. Therefore, it is  

suggested t h a t  most of the c ra t e r s  i n  the  landing s i te  are,  i n  f ac t ,  of 

impact or ig in  and t h a t  a deep regol i th  has been produced. However, it i s  

fur ther  suggested tha t  the r ego l i th  and impact c r a t e r s  have been mantled by 
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a deposit t h a t  w a s  indurated a f t e r  deposition. 

subdued appearance of the la rge  c ra t e r s  and provide an indurated formation 

t h a t  could subsequently be modified by recent impact c r a t e r s  t o  produce a 

thinner  regol i th  deposit. 

This  would produce the 

-If *his in te rpre ta t ion  i s  correct,  the c ra t e r s  suggested f o r  sampling 

-bedrock might, in f a c t ,  sample a near surface indurated stratum ra the r  than 

a substrate  associated w i t h  the surface t h a t  existed before the production 

of t he  la rge  c ra te rs .  The hypothesized near surface stratum could be a 

welded ash deposit t h a t  may have originated from the volcanic t e r r a i n  of 

t h e  plateau t o  the south of the landing si te.  

coNcLusIoNs 
Regolith thickness appears t o  be less than 6.7 meters i n  the v i c i n i t y  

of the three preliminary traverses. 

lowest calculated l i m i t  of regol i th  thickness; it is  1 k m  from the nearest  

traverse.  The next lowest calculated upper l i m i t  of regol i th  thickness is  

f o r  the s i te  of Crater 4 which i s  only about 450 meters from the traverse.  

If deep cores can be obtained a t  any place along the three traverses it 

should be obtained a t  the s i t e  of Crater 4. 

ness i s  as grea t  as 4.5 meters a t  Crater 4, the  deep core w i l l  probably not 

sample bedrock. 

of Crater 1 provided observation of the in t e rna l  c ra te r  w a l l  reveals a 

terrace.  In  tha t  case regol i th  thickness near Crater 1 is  less than 3.1 

meters. 

Crater 7 occupies the s i t e  w i t h  the 

However, i f  the regol i th  thick-  

I n  t h a t  case, a deep core should be obtained a t  the s i te  
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If the deep core can be obtained oniy near the  landing s i t e  it should 

be obtained near Crater 5. 

Crater 5 and there  is a fair chmce of sampling bedrock.. Phokographic 

Regolith thickness i s  less than 4.8 meters near 

documentation of i n t e r n a l  c r a t e r  te r races  should be obtained for all cra te rs .  

Perhaps a l l  e f f o r t s  t o  sample bedxock w i l l  f a i l  due t o  operational 

-constraints.  

.Craters 1-8 w i l l  represent bedrock samples. 

from the  l a rges t  rocks on the  rims of the  craters .  

surrounding concentric c ra t e r s  are produced from e jec t ion  of material from 

If so, samples collected carefu l ly  from the rims of concentric 

These samples should be chipped 

The l a rges t  rocks 

the  cen t r a l  c r a t e r  formed i n  the  bedrock. However, much of the f i n e  grained 

e j e c t a  surrounding concentric c ra t e r s  w a s  ejected from the preexisting rego- 

l i t h .  The o r ig ina l  s i t e  of c rys t a l l i za t ion  of t h i s  mater ia l  i s  unknown. 

If samples are chipped from the l a rges t  rocks on the r i m s  of the con- 

cent r ic  c ra te rs ,  they would provide a good sample of geographic var ia t ion  

in propert ies  of the bedrock. Craters I, 3, 4, 5, 6, and 8 could be sampled 

in t h i s  manner because they are very close t o  the traverses.  

of concentric c ra t e r s  i s  about one-fourth the c ra t e r  diameter. 

of Craters 1, 3, 4, 5,  6, and 8 probably sample bedrock material  t h a t  w a s  

Total  depth 

Thus, e j ec t a  

within 13 meters af the  o r ig ina l  upper surface of t h e  indurated formation. 

Thus a51 opportunity exists f o r  observing geographic var ia t ion  i n  physical 

and chemical properties of t he  rock formation i n  t h i s  area. Finally,  it i s  

suggested tha t  t h i s  near surface indurated formation may be a welded ash 

deposit tha t  has mantled the  la rge  subdued impact c r a t e r s  i n  the area. 
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F I G W  CAFTIONS 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

Apollo 14 photograph ~14-69-9520 of three preliminary 

t raverses  of the Apollo 16 mission showing the locat ion of 
I 

concentric c r a t e r s  used t o  estimate regol i th  thickness. 

Crater counts f o r  Lunar Orbiter s i t e s :  I11 Pll, I1 Pl3b, I1 

p7b, V24, and Apollo 16 si te  superimposed on cra te r  production 

curves used i n  Monte Carlo simulation of impact cratering. 

Schematic of Monte Carlo crater ing model showing the e f f ec t  

of regol i th  thickness on c ra t e r  s t ruc ture  and on thickness 

of e j ec t a  blanket, te. 

Comparison of regol i th  thickness d is t r ibu t ions  calculated 

from Monte Carlo impact model w i t h  d i s t r ibu t ions  estimated 

from morphology of s m a l l  craters. 

Median thickness of r ego l i th  calcu1,ted from Monte Carlo 

crater ing model plot ted as a function of K i n  c ra t e r  pro- 

auction d is t r ibu t ions :  N = KD . -3.4 
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